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Materials and Methods 38 

Nanofabrication of the devices.  39 

The α-RuCl3/graphene/α-MoO3 heterostructures were exfoliated and stacked using a vdW 40 

assembly technique (fig. S6). Initially, monolayer α-RuCl3 (Shanghai Onway Technology Co., 41 

Ltd.), monolayer graphene, and α-MoO3 films (~242 nm) were taken from natural crystals and 42 

exfoliated on SiO2 (300 nm)/Si and Au (60 nm)/Si substrates, respectively. Then, α-RuCl3 and 43 

graphene were picked up by a deterministic dry-transfer process aided by a glass 44 

/polydimethylsiloxane (PDMS)/polycarbonate (PC) stamp at 100 ℃. After that, the stamp with α-45 

RuCl3 /graphene was aligned with α-MoO3 and the temperature was raised to 180 ℃ to release the 46 

heterostructure with PC and form α-RuCl3/graphene/α-MoO3 heterostructures. The samples were 47 

subsequently immersed in chloroform for 10 min and rinsed in IPA for 3 min to eliminate any 48 

residual PC. The double-layer graphene involved in Fig. 3 of the main text also uses the above 49 

method to randomly stack two layers of mechanically exfoliated single-layer graphene. We note 50 

that monolayer α-RuCl3 has been reported to produce high and homogeneous doping in monolayer 51 

graphene with mobilities ~4900 cm2/ (V·s) at a large hole density of 2.7 × 1013 cm−2, while having 52 

minimal optical absorption in the mid-infrared range (39). 53 

The Au antennas (3 μm × 250 nm × 50 nm) were patterned on the sample using 100 kV electron-54 

beam lithography (EBL) (Vistec 5000+ES, Germany) on PMMA950K resist (thickness of ~350 55 

nm). After that, a layer of 50 nm thickness of Au was deposited by electron-beam evaporation in 56 

a vacuum chamber under a pressure of 5×10-6 Torr. We deliberately did not prepare an adhesion 57 

layer (usually 5 nm thickness of Ti or Cr), so that the gold antennas on the sample could be moved 58 

away by an AFM tip (fig. S7). Electron-beam evaporation was also used to deposit a 60 nm-thick 59 

gold film onto a low-doped Si substrate. To remove any residual organic materials, the samples 60 

were immersed in a hot acetone bath at 80 °C for 25 min and subject to a gentle rinse of IPA for 3 61 

min, followed by nitrogen gas drying and thermal baking. 62 

Near-field optical microscopy measurements.  63 

For near-field measurements, a scattering SNOM setup (Neaspec GmbH) equipped with a tunable 64 

quantum cascade laser (890 to 2000 cm-1) was utilized. A Pt-coated AFM tip with a radius of ~25 65 

nm (NanoWorld) was employed, with a tapping frequency and amplitude of ~270 kHz and ~30-66 

50 nm, respectively. A p-polarized mid-infrared beam with a lateral spot size of 25 μm was aimed 67 



3 
 

at the AFM tip, illuminating the antennas and a large area of the graphene/α-MoO3 samples. To 68 

effectively reduce background noise, a third-order demodulated-harmonic analysis (S3 (ω)) of the 69 

near-field amplitude images was applied. 70 

Calculation of dispersion and IFCs of hybrid plasmon-phonon polaritons.  71 

The dispersion of hybrid polaritons was obtained from waveguide theory applied to graphene/α-72 

MoO3 heterostructure, in which the structure was modeled as a 2D waveguide consisting of four 73 

stacked layers (see more details in fig. S3 and Note S2). In this analysis, air and the gold substrate 74 

were modeled in terms of their isotropic dielectric tensors, while α-MoO3 was described by 75 

anisotropic tensors.  76 

Electromagnetic simulations.  77 

A Finite Element Method software (COMSOL Multiphysics 5.5) was used to simulate the 78 

electromagnetic field. The model was constructed by following the geometrical specifications in 79 

the experimental samples, in which graphene was described as a 0.33-nm-thick transition interface, 80 

the metallic antenna was placed on the graphene/α-MoO3 sample, and the substrate was a 60-nm-81 

thick gold film. Perfectly matched layers were set up at all boundaries around the model to reduce 82 

boundary reflections. The incident light was set as a plane wave polarized along the long axis of 83 

the antenna with an angle of 45º to the surface. To simulate the tip-launched polaritons, we 84 

introduced a dipole located 100 nm above the surface and polarized perpendicular to the surface. 85 

The electric field distribution was calculated on a plane situated 20 nm above the uppermost 86 

surface of the sample. To simplify the simulation, we ignored the single layer of α-RuCl3. This 87 

approximation should have a negligible effect on the simulation outcomes, as a single layer of α-88 

RuCl3 would only introduce a small dielectric loss (fig. S21). 89 

 90 
 91 
 92 
 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
 102 
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Note S1. Optical parameters of graphene and α-MoO3. 103 
In our work, graphene is modeled as a homogenous two-dimensional conducting layer, and the 104 
conductivity σ can be modeled in the local limit of the random-phase approximation (RPA) and 105 
decomposed into intra-band and inter-band contributions as (40) 106 

(ω) =
ie2𝐾𝐵𝑇(ω+

1

τ
)

πℎ2
[
𝐸𝐹

𝐾𝐵𝑇
+ 2 ln (exp (−

𝐸𝐹

𝐾𝐵𝑇
) + 1)] + i

𝑒2

4𝜋ℏ
ln [

2|𝐸𝐹|−ℏ(𝜔+
𝑖
𝜏
)

2|𝐸𝐹|+ℏ(𝜔+
𝑖
𝜏
)
] , (𝑆1)               107 

which depends on the Fermi energy 𝐸𝐹, the temperature T, and the relaxation time 𝜏 = 𝜇𝐸𝐹/ 𝑒𝑣𝐹
2, 108 

expressed in terms of the graphene Fermi velocity 𝑣𝐹 = 𝑐/300 and the carrier mobility 𝜇. The 109 
latter is assumed to be 4900 cm2 V−1 s−1. The real and imaginary parts of the graphene conductivity 110 
as a function of the Fermi energy and frequency are plotted in fig. S1. 111 

The permittivity of α-MoO3 can be modeled by the Lorentz model (26) 112 

𝜀𝑗 = 𝜀∞
𝑗 (1 +

𝜔𝐿𝑂
𝑗 2

− 𝜔𝑇𝑂
𝑗 2

𝜔𝑇𝑂
𝑗 2

− 𝜔2 − 𝑖𝜔𝛾𝑗
) , 𝑗 = 𝑥, 𝑦, 𝑧 (𝑆2) 113 

where 𝜀𝑗  denotes the principal components of the permittivity tensor of α-MoO3. The parameters 114 

𝜀∞
𝑗

 are the high-frequency dielectric constants along the directions 𝑗, while 𝜔𝐿𝑂
𝑗

and 𝜔𝑇𝑂
𝑗

 refer to 115 

the LO and TO phonon frequencies, respectively. The parameters 𝛾𝑗 are inelastic loss rates of the 116 
material. The coordinates x, y, and z are oriented along the three principal axes of the crystal, which 117 
correspond to the crystallographic directions [100], [001], and [010] of α-MoO3, respectively. 118 
Detailed parameters are shown in Table S1. The real and imaginary parts of the α-MoO3 119 
permittivity along the three principal axes are plotted in fig. S1. 120 

Table S1. Parameters used for modeling the permittivity of α-MoO3. 121 

Direction 𝜺∞ 𝝎𝑳𝑶 (cm-1) 𝝎𝑻𝑶 (cm-1) 𝜸 (cm-1) 

x [100] 4 972 820 4 

y [001] 5.2 851 545 4 

z [010] 2.4 1004 958 2 

 122 
 123 
 124 
 125 
 126 
 127 
 128 
 129 
 130 
 131 
 132 
 133 
 134 
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Note S2. Calculation of the dispersion and IFCs of hybrid plasmon-phonon polaritons.  135 
In the theoretical model, we treat the graphene/α-MoO3 heterostructure as a laterally-infinite 136 

stratified medium consisting of four layers (fig. S3): 𝑧 > 0 (air, layer 1), −𝑑1 < 𝑧 < 0 (graphene, 137 

layer 2), −𝑑2 < 𝑧 < −𝑑1 (α-MoO3, layer 3), and 𝑧 < −𝑑2 (Au, layer 4). Each layer is represented by 138 

its corresponding dielectric tensor. The air and Au layers are described by isotropic tensors 139 

diag {𝜀𝑎,𝑠}, while graphene is modeled as a uniaxial anisotropic material (41), whose permittivity 140 

tensor is given by 141 

𝜀𝑔̿𝑟𝑎𝑝ℎ𝑒𝑛𝑒 = [

𝜀𝑔𝑡 0 0

0 𝜀𝑔𝑡 0

0 0 𝜀𝑔𝑧

] , (𝑆3) 142 

where the tangential permittivity is expressed as  143 

𝜀𝑔𝑡 = 1 + 𝑖
𝑖𝜎

𝜔𝜀0𝑡𝑔
(𝑆4) 144 

while the out-of-plane permittivity is set to  145 

𝜀𝑔𝑧 = 1. (𝑆5) 146 

Here, 𝜀0 is the free-space permittivity, 𝑡𝑔 represents the thickness of monolayer graphene, which 147 

is set to 0.33 nm, and 𝜎 represents the optical conductivity of graphene taken from the local limit 148 

of the RPA (following Eq. (𝑆1)). 149 

As α-MoO3 is a biaxial anisotropic material, its permittivity tensor is modeled as  150 

𝜀M̿oO3
= [

𝜀𝑚𝑥 0 0
0 𝜀𝑚𝑦 0

0 0 𝜀𝑚𝑧

] , (𝑆6) 151 

where 𝜀𝑚𝑥, 𝜀𝑚𝑦, and 𝜀𝑚𝑧 are the permittivity components along the principal axes (as shown in 152 

Note S1 and fig. S1). 153 

Without loss of generality, we consider polariton waves propagating with an in-plane wave vector 154 

𝑘⃗ 𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 = (𝑘𝑥, 𝑘𝑦), such that 155 

𝑘𝑥 = 𝑘in−plane cos(𝜓), 𝑘𝑦 = 𝑘in−plane sin(𝜓),                                     (𝑆7) 156 

where 𝜓 denotes the angle between 𝑘⃗ in−plane and the x axis. 157 

Through a simple coordinate transformation, the dielectric function of α-MoO3 along the direction 158 

of wave propagation 𝑘⃗ in−plane can be expressed as 𝜀𝑚𝑡 = 𝜀𝑚𝑥 𝑐𝑜𝑠
2(𝜓) + 𝜀𝑚𝑦 𝑠𝑖𝑛

2(𝜓), and thus, 159 
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we find a 2D dielectric function diag {𝜀𝑚𝑡, 𝜀𝑚𝑧}. Similarly, we can write the graphene permittivity 160 

tensor as diag {𝜀𝑔𝑡, 𝜀𝑔𝑧}. 161 

In our system, the α-MoO3 layer contains TM-TE mixed modes, but the weight of the TE 162 

component is much weaker than the TM one (28). As an approximation, we consider TM modes 163 

in the following derivation. We focus on a 2D waveguide mode with 𝑘⃗ in−plane directed along the 164 

x axis, as shown in fig. S3. The transverse magnetic field in the graphene/α-MoO3 heterostructure 165 

can be expressed as 𝐻⃗⃗ 𝑦 = 𝐻𝑦(𝑧) exp(𝑖𝑞𝑥 − 𝜔𝑡) 𝑒 𝑦, where q =|𝑘⃗ 𝑖𝑛−𝑝𝑙𝑎𝑛𝑒| and 𝑒 𝑦 is the unit vector 166 

along 𝑦. Solving the wave equation ∇2𝐻⃗⃗ + 𝑘0
2 𝜀𝐻⃗⃗̿ = ∇(∇ · 𝐻⃗⃗ ) in each layer, we find the relations  167 

𝜕2𝐻⃗⃗ 𝑦

𝜕𝑧2
+ (𝑘0

2𝜀𝑎,𝑠 − 𝑞2)𝐻⃗⃗ 𝑦 = 0, (𝑆8) 168 

𝜕2𝐻⃗⃗ 𝑦

𝜕𝑧2
+ (𝑘0

2𝜀𝑡
(𝑗)

− (
𝜀𝑡
(𝑗)

𝜀𝑧
(𝑗)
)𝑞2) 𝐻⃗⃗ 𝑦 = 0, (𝑆9) 169 

where j = 2 and j = 3 denote the graphene and α-MoO3 layers, respectively. For a van der Waals 170 

structure of finite thickness, the solution for 𝐻𝑦(𝑧) can be expressed as 171 

𝐻𝑦(𝑧) =

{
 
 

 
 
(𝐴 + 𝐵)𝑒−𝛼𝑎𝑧 (𝑧 > 0),

𝐴𝑒𝑖𝑘𝑧
(2)

𝑧 + 𝐵𝑒−𝑖𝑘𝑧
(2)

𝑧 (−𝑑1  < 𝑧 ≤ 0),

𝐶𝑒𝑖𝑘𝑧
(3)

𝑧 + 𝐷𝑒−𝑖𝑘𝑧
(3)

𝑧 (−𝑑2 < 𝑧 ≤ −𝑑1),

(𝐶𝑒−𝑖𝑘𝑧
(3)

𝑑2 + 𝐷𝑒𝑖𝑘𝑧
(3)

𝑑2) 𝑒𝛼𝑠(𝑧+𝑑2) (𝑧 ≤ −𝑑2).

(𝑆10) 172 

Here, 𝛼𝑎,𝑠 = √𝑞2 − 𝑘0
2𝜀𝑎,𝑠 is the out-of-plane decay coefficient of the air layer (j = 1, 𝛼𝑎) and Au 173 

layer (j = 4, 𝛼𝑠), while 𝑘𝑧
(𝑗)

= √𝑘0
2𝜀𝑡

(𝑗)
 − (

𝜀𝑡
(𝑗)

𝜀𝑧
(𝑗)) 𝑞

2 is the normal wave vector component in the 174 

graphene (j = 2) and α-MoO3 (j = 3) layers. The four unknown parameters A, B, C, and D are the 175 

amplitude coefficients of the nontrivial solution that is found by matching the electromagnetic 176 

boundary conditions and imposing the vanishing of the associated secular determinant. In addition, 177 

𝑑1 and 𝑑2 are the thicknesses of the graphene (j = 2) and α-MoO3 (j = 3) layers, respectively.  178 

To find 𝐸⃗ 𝑥 = 𝐸𝑥(𝑧) exp(𝑖𝑞𝑥 − 𝜔𝑡) 𝑒 𝑥, we plug 𝐻𝑦 into the curl equation ∇ × 𝐻 = 𝑖𝜔𝜀0𝜀𝐸̿. We 179 

obtain  180 
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𝐸𝑥(𝑧) =

{
 
 
 
 

 
 
 
 

𝑖𝛼𝑎

𝜔𝜀0𝜀𝑎
(𝐴 + 𝐵)𝑒−𝛼𝑎𝑧 (𝑧 > 0),

1

𝜔𝜀0𝜀𝑡
(2)

(𝐴𝑘𝑧
(2)𝑒𝑖𝑘𝑧

(2)
𝑧 − 𝐵𝑘𝑧

(2)𝑒−𝑖𝑘𝑧
(2)

𝑧) (−𝑑1  < 𝑧 ≤ 0),

1

𝜔𝜀0𝜀𝑡
(3)

(𝐶𝑘𝑧
(3)𝑒𝑖𝑘𝑧

(3)
𝑧 − 𝐷𝑘𝑧

(3)𝑒−𝑖𝑘𝑧
(3)

𝑧) (−𝑑2 < 𝑧 ≤ −𝑑1),

−𝑖𝛼𝑠

𝜔𝜀0𝜀𝑠
(𝐶𝑒−𝑖𝑘𝑧

(3)
𝑑2 + 𝐷𝑒𝑖𝑘𝑧

(3)
𝑑2) 𝑒𝛼𝑠(𝑧+𝑑2) (𝑧 ≤ −𝑑2).

(𝑆11) 181 

Considering that the tangential components of 𝐸⃗  and  𝐻⃗⃗  ⃗ are continuous at the interface, we find 182 

the following equations  183 

{
 

 𝐸𝑥
(1) = 𝐸𝑥

(2), 𝐻𝑦
(1) = 𝐻𝑦

(2),   𝑧1 = 0,

𝐸𝑥
(2) = 𝐸𝑥

(3), 𝐻𝑦
(2) = 𝐻𝑦

(3),   𝑧2 = −𝑑1,

𝐸𝑥
(3) = 𝐸𝑥

(4), 𝐻𝑦
(3) = 𝐻𝑦

(4),   𝑧3 = −𝑑2.

(𝑆12) 184 

By substituting the fields in Eqs. (𝑆10) and ( 𝑆11) into the boundary conditions, we obtain the 185 

secular matrix equation  186 

[
 
 
 
 
 
 
 
 
 𝑖𝛼𝑎

𝜀𝑎
−
𝑘𝑧
(2)

𝜀𝑡
(2)

𝑖𝛼𝑎

𝜀𝑎
+
𝑘𝑧
(2)

𝜀𝑡
(2)

0 0

𝑘𝑧
(2)

𝜀𝑡
(2)

𝑒−𝑖𝑘𝑧
(2)

𝑑1 −
𝑘𝑧
(2)

𝜀𝑡
(2)

𝑒𝑖𝑘𝑧
(2)

𝑑1 −
𝑘𝑧
(3)

𝜀𝑡
(3)

𝑒−𝑖𝑘𝑧
(3)

𝑑1
𝑘𝑧
(3)

𝜀𝑡
(3)

𝑒𝑖𝑘𝑧
(3)

𝑑1

𝑒−𝑖𝑘𝑧
(2)

𝑑1 𝑒𝑖𝑘𝑧
(2)

𝑑1 −𝑒−𝑖𝑘𝑧
(3)

𝑑1 𝑒𝑖𝑘𝑧
(3)

𝑑1

0 0 (
𝑖𝛼𝑠

𝜀𝑠
+
𝑘𝑧
(3)

𝜀𝑡
(3)

)𝑒−𝑖𝑘𝑧
(3)

𝑑2 (
𝑖𝛼𝑠

𝜀𝑠
−
𝑘𝑧
(3)

𝜀𝑡
(3)

)𝑒𝑖𝑘𝑧
(3)

𝑑2

]
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
𝐴
 
𝐵
 
𝐶
 
𝐷]
 
 
 
 
 
 

= 0. (𝑆13) 187 

Denoting the square matrix in this equation by M, we impose the vanishing of the determinant 188 

det{M} = 0 to guarantee the existence of a nonzero solution for the amplitude coefficients A, B, C, 189 

and D. Such condition leads to the transcendental equation 190 

𝑒2𝑝1 = −
[(𝑝2−𝑝3)(𝑝3−𝑝4)(𝑝4+𝑝5)]𝑒

𝑖𝑘𝑧
(2)

𝑑1+[(𝑝2+𝑝3)(𝑝3+𝑝4)(𝑝4+𝑝5)]𝑒
−𝑖𝑘𝑧

(2)
𝑑1

[(𝑝2−𝑝3)(𝑝3+𝑝4)(𝑝4−𝑝5)]𝑒
𝑖𝑘𝑧
(2)

𝑑1+[(𝑝2+𝑝3)(𝑝3−𝑝4)(𝑝4−𝑝5)]𝑒
−𝑖𝑘𝑧

(2)
𝑑1
, (𝑆14) 191 

where  192 
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𝑝1 = −𝑖𝑘𝑧
(3)

𝑑1 + 𝑖𝑘𝑧
(3)

𝑑2,

𝑝2 =
𝑖𝛼𝑎

𝜀𝑎
,

𝑝3 =
𝑘𝑧
(2)

𝜀𝑡
(2)

,

𝑝4 =
𝑘𝑧
(3)

𝜀𝑡
(3)

,

𝑝5 =
𝑖𝛼𝑠

𝜀𝑠
.

(𝑆15) 193 

The solution to Eq. (𝑆14) yields the mode dispersion, which can be solved for each value of the 194 

angle 𝜓 (see Eq. (𝑆7)), thus generating a function 𝑞(𝜓) that can be understood as IFC of the 195 

polaritons. Following this procedure, we find the numerical results in Fig. 1B. 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 
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Note S3. Theoretical analysis of the focal position associated with negative refraction. 212 

As the tangential wave vectors of the interface for the refraction process are continuous (this is 213 

essentially Snell's Law), the relationship between the incidence and refraction angles can be 214 

obtained numerically, as illustrated in fig. S5A. 215 

For the bare α-MoO3 film, the hyperbolic polaritons in the Reststrahlen band II (816~972 cm-1) 216 

are highly oriented. When approaching the two asymptotes of the hyperbolic IFC, the number of 217 

available wave vectors of PhPs and the intensity of the electric field are significantly increased, as 218 

inferred upon examination of the Dyadic Green tensor (42). More precisely, the 𝑧𝑧 component of 219 

the Dyadic Green tensor of the bare α-MoO3 film reduces to 220 

𝐺𝑧𝑧(𝐫 − 𝐫′) =  
𝜖
3
2 

√(𝜋𝑑)

(𝜖𝑥
2∆𝑦2 + 𝜖𝑦

2∆𝑥2)𝑒−𝑞𝑘0𝐻

𝜖𝑥2𝜖𝑦

5
4(𝑘0𝑑)2(𝜖𝑥∆𝑦2 + 𝜖𝑦∆𝑥2)

5
4

 exp {
𝑖(2𝜖√𝜖𝑥∆𝑦

2 + 𝜖𝑦∆𝑥
2)

𝜖𝑥√𝜖𝑦𝑑
−
𝜋

4
} , (S16) 221 

where 222 

𝑞 = −
2𝜖√𝜖𝑥2∆𝑦2 + 𝜖𝑦2∆𝑥2

𝜖𝑥√𝜖𝑦𝑘0𝑑√𝜖𝑥∆𝑦2 + 𝜖𝑦∆𝑥2
(𝑆17) 223 

denotes the in-plane wave vector and 𝜖 represents the relative dielectric function given by the 224 

average value of the upper and lower media. We take 𝜖 = 1 and denote ∆𝑟 = |𝐫 − 𝐫′| the distance 225 

from the target point to the source point, with relative vector projections on the x and y directions 226 

given by ∆𝑥  and ∆𝑦. In addition, 𝑘0 represents the free-space wave vector of the incident light, d 227 

denotes the thickness of α-MoO3, and H is the height of the detection point. 228 

In fig. S5B, we plot the absolute value of 𝐺𝑧𝑧(𝑟 − 𝑟′) (orange solid curve), obtained from Eq. (𝑆16) 229 

as a function of polar angle at a distance ∆𝑟 = 2.5 μm from the source point for an illumination 230 

frequency of 893 cm-1. The thickness of α-MoO3 is set at t = 240 nm. We set the monitoring point 231 

for the α-MoO3 film at a height H = 50 nm. The pseudo-color map of the background is obtained 232 

from a numerical simulation of the electric-field absolute amplitude |𝐸𝑧| excited by a point electric 233 

dipole placed 100 nm above the α-MoO3 surface. The near-field absolute amplitude shows a 234 

maximum at an angle 𝜑𝑐 with respect to the [100] crystal direction (set to x here), which indicates 235 

that energy is mainly canalized along this direction. We consider 𝜑𝑐 as the main angle sustained 236 

by the incident light, such that the intersection of the refraction angle corresponding to 𝜑𝑓  is 237 

calculated as the focal point. Using this simplified model, the relative positional relationship 238 

between the source and focal spot can be determined as follows, 239 
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𝑑 = 𝑓 
tan(𝜑𝑐)

tan(𝜑𝑓)
, (𝑆18) 240 

where d and f represent the distance from the source point and the focal spot to the graphene edge, 241 

respectively. 242 

Notably, the refraction angle in our structure has a finite range rather than being at a single fixed 243 

angle. As a result, these angular deviations cause some defocusing. However, since the distribution 244 

of such angular deviations is small (within ten degrees, Fig. S5B), the defocusing effect can 245 

roughly be ignored. Because of this, we can observe the focal point clearly in both experiments 246 

and simulations. In the future, optimization of the interface geometry could allow for corrections 247 

of the angles of all refracted beams, such that they point to the same direction, thus improving 248 

focusing performance. 249 

In addition, the negative refraction approach to focusing is essentially different from the antenna 250 

shaping approach in a hyperbolic media. In particular, antenna shaping changes the light at the 251 

original source to achieve focusing (41, 43, 44); in contrast, negative refraction works by changing 252 

the propagation path of light which has been excited before, and finally produces focusing. As a 253 

result, negative refraction in this work has the benefits of focusing divergent waves that are already 254 

excited, manipulating focusing in situ, and enabling active control and dynamic switching to focus. 255 

It should be noted that by reducing the thickness of α-MoO3 to the monolayer, the theoretical upper 256 

limit on the focusing linewidth can be significantly increased. Since phonon polaritons are mainly 257 

volume modes, the thickness of the material has an inverse relationship with how tightly they are 258 

constrained in space. 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 
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 267 

Fig. S1. Optical parameters of graphene and α-MoO3. (A) Real (left) and imaginary part (right) 268 
of the permittivity of α-MoO3 along different principal directions. The permittivity is obtained by 269 
fitting the obtained data with a Lorentzian model. (B) Real (left) and imaginary part (right) of the 270 
conductivity of graphene as a function of Fermi energy and frequency, following Eq. (𝑆1). 271 
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 283 

Fig. S2. Hybrid polaritons in a graphene/α-MoO3 heterostructure. (A) Theoretically 284 
calculated IFCs of hybrid polaritons with various graphene Fermi energies of EF = 0 eV, 0.2 eV, 285 
0.3 eV, and 0.6 eV, respectively. (B) Numerically simulated electric field distribution of hybrid 286 
polaritons corresponding to panel (A). The thickness of α-MoO3 is set at 240 nm. The illumination 287 
frequency is fixed at 893 cm-1. The scale bar indicates 2 μm. 288 
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 296 
 297 
Fig. S3. Illustration of the device structure used in our theoretical model. Layers 1 to 4 298 
correspond to air, graphene, α-MoO3, and Au, respectively. Each layer is described by its dielectric 299 
tensor. 300 
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 307 

Fig. S4. Illustration of reversible polariton negative refraction. (A, D) Isofrequency contours 308 
of hyperbolic polaritons in α-MoO3 and hybrid polaritons in graphene/α-MoO3. The upper 309 
illustration shows a cross-section of each structure. Negative refraction of polaritons takes place 310 
at the interface between the two sides of the graphene edge due to the conservation of tangential 311 
wave vector components. (B, E) Schematic diagram of the typical Poynting vectors relative to the 312 
normal to interface on both sides in the x-y plane. Negative refraction results in the Poynting 313 
vectors of the incident and transmitted polaritons on the same side of the interface normal. (C, F) 314 
Numerically simulated field distributions (real part of the out-of-plane component of the electric 315 
field, Re{Ez}) illustrating negative refraction and planar focusing. A source dipole (yellow dot) is 316 
placed 100 nm above the surface to launch the polaritons. The α-MoO3 thickness is 242 nm, the 317 
graphene Fermi energy is 0.5 eV, and the illumination frequency is 893 cm-1. The scale bar 318 
indicates 2 μm. For the refraction angle, we specify “+” on the upside of the interface normal and 319 
“-” on the downside. 320 
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 321 
Fig. S5. Theoretical analysis of the incidence and refraction angles. (A) Incidence angle φ1 as 322 
a function of refraction angle φ2 for negative refraction after transmission through the in-plane 323 
interface for the two reversed cases (see labels). These angles refer to the incidence and refracted 324 
polariton Poynting vector S. (B) Numerical simulation of the electric field |𝐸𝑧| (color plot) excited 325 
by a point electric dipole placed 100 nm above the α-MoO3 film, together with the polar 326 
distribution of the electric field in real space (orange solid curve). φ indicates the incidence angle 327 
of the polariton Poynting vector. The scale bar indicates 1 μm. 328 
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 342 
 343 

Fig. S6. Illustration of the dry transfer process. (A) A glass/PDMS/PC stamp is brought into 344 
contact with a monolayer of α-RuCl3 exfoliated on a SiO2 (300 nm)/Si substrate at 100℃ and then 345 
withdrawn. (B) The stamp along with α-RuCl3 is contracted with an exfoliated graphene monolayer 346 
at 100 ℃, and again slowly withdrawn. (C, D) The α-RuCl3/graphene is aligned and contracted 347 
with an α-MoO3 film previously exfoliated on a Au (60 nm)/Si substrate. Then, the temperature is 348 
raised to 180 ℃ and the stack is released onto the α-MoO3 film, forming an α-RuCl3/graphene/α-349 
MoO3 heterostructure. Scale bars indicate 20 μm in panels (A-C) and 8 µm in panel (D). 350 
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 367 
 368 

Fig. S7. Illustration of AFM probe transfer method. (A) Gold antenna arrays on the α-MoO3 369 
film. (B) The gold antennas on α-MoO3 are removed away by an AFM tip. (C) Another gold 370 
antenna array is fabricated on the graphene/α-MoO3 side. This sample is used for near-field 371 
measurements in Fig. 2 in the main text. Scale bars indicate 8 µm. 372 
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 396 
 397 
Fig. S8. Simulation and theoretical analysis of the spatial relationship between focal and 398 
launching source position. (A) Simulated spatial distribution of the electric field Re{Ez} showing 399 
negative refraction from α-MoO3 with a hyperbolic wave to graphene/α-MoO3 with an elliptic 400 
wave. d and f represent the distance of the interface to the launching source and focal spot positions, 401 
respectively. The black arrows indicate the position of the emitting dipole. The red and blue arrows 402 
mark the focal spot.  (B) Reversible negative refraction relative to panel (A), where the dipole is 403 
moved to the graphene/α-MoO3 side. The scale bar indicates 2 μm. (C) d as a function of f for the 404 
configurations in panels (A) (red) and (B) (blue). The dots are extracted from the simulations 405 
presented in panels (A, B), while the solid lines stand for the theoretical analysis based on the 406 
method described in Note S3.  407 
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 420 

Fig. S9. Experimentally measured near-field distributions of polaritons and corresponding 421 
simulated field distributions Re{Ez}. (A-D) Hyperbolic polaritons launched and propagated in 422 
bare α-MoO3 as a control experiment. (E-H) Hyperbolic polaritons launched from α-MoO3 to the 423 
interface, undergoing negative refraction and focusing. (I-L) Reversed negative refraction relative 424 
to panels (E-H), where the antenna is now placed on the graphene/α-MoO3 side. (A, E, I) 425 
Experimentally measured near-field amplitude of polaritons. (B, F, J) Simulated field amplitude 426 
Re{Ez} corresponding to panels (A, E, I). (C, G, K) Near-field profiles of the signal along the 427 
orange and green vertical dashed lines in panels (A, B), (E, F), and (I, J), respectively. The black 428 
dashed curves are fitting Gaussians. (D, H, L) Near-field profiles of the signal along the orange 429 
and green horizontal dashed lines in panels (A, B), (E, F), and (I, J), respectively. All the 430 
experimental results are measured from the in-situ sample shown in Fig. 2 and fig. S7. The 431 
thickness of α-MoO3 is 242 nm. The scale bar indicates 3 μm. The graphene is prepared by 432 
mechanical exfoliation and statically doped to a Fermi energy EF = 0.5 eV by a monolayer of α-433 
RuCl3. The illumination frequency is fixed at ω0 = 893 cm-1.  434 
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 436 
 437 
Fig. S10. Simulation of modal-profile matching. (A) Mode profiles for different graphene Fermi 438 
energies. The thickness of α-MoO3 is 242 nm. The scale bar indicates 3 μm. The illumination 439 
frequency is fixed at ω0=900 cm-1. (B) Electric field profiles for different graphene Fermi energies 440 
corresponding to panel (A). (C) Correlation coefficient of the electric field profiles for different 441 
graphene Fermi energies compared with that of bare α-MoO3, shown at the top of panel (B). The 442 
modal-profile mismatch is less than 3% at different graphene Fermi energies due to the strong 443 
overlap of the surface modes on both sides. 444 
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 446 

Fig. S11. Analysis of optical losses at the graphene interface. (A) Simulated spatial distribution 447 
of the electric field along the x direction as polaritons propagate from α-MoO3 to graphene/α-MoO3 448 
for different graphene Fermi energies (see labels). Since this is a port excitation, we only consider 449 
the polaritons of normal incidence. The thickness of α-MoO3 is 242 nm. The scale bar indicates 2 450 
μm. The illumination frequency is fixed at ω0 = 900 cm-1. (B) Polaritonic reflectance (yellow), 451 
transmittance (red), and scattering (green) as a function of graphene Fermi energy. Thanks to the 452 
single-atom thickness of graphene, losses stemming from scattering at the interface are expected 453 
to be negligible and, although they increase with the graphene Fermi energy, the overall loss does 454 
not exceed 12%. 455 
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 458 

Fig. S12. Wide angle negative refraction over a broad spectral range. (A) Hyperbolic 459 
polaritons launched and propagated in natural α-MoO3 as a control experiment. (B) Measured near-460 
field images showing negative refraction from α-MoO3 to graphene/α-MoO3 with illumination 461 
frequencies ranging from 900 to 920 cm-1 (see labels). (C) Negative refraction from graphene/α-462 
MoO3 to α-MoO3. All experimental results are measured from the same in-situ sample as in Fig. 463 
2. The scale bar indicates 3 μm. (D) Three-dimensional representation of the polariton IFCs in α-464 
MoO3 (blue) and graphene/α-MoO3 heterostructure (green), with experimentally measured 465 
frequencies represented by black curves. The opening angle β of PhPs in α-MoO3 increases with 466 
the illumination frequency, which weakens the focusing effect produced by negative refraction 467 
from α-MoO3 to graphene/α-MoO3 because of the increased spatial incidence range of PhPs in α-468 
MoO3. On the contrary, focusing should be enhanced with an increase of frequency for negative 469 
refraction from graphene/α-MoO3 to α-MoO3 due to the increase in refraction angle, which is 470 
related to the opening angle.  471 
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 472 

 473 

Fig. S13. Experimental relationship between focal position and various illumination 474 
frequencies. (A, B) Focal distance from the interface as a function of illumination frequency. The 475 
red and green dots are extracted from experimental results in Fig. 2 and fig. S12, while crosses 476 
represent theoretical results obtained by using the method described in Note S3, and the solid 477 
curves are guides to the eyes. 478 
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 495 
 496 

Fig. S14. Negative refraction by negative group velocity of reversed dispersion. (A) 497 
Schematic of negative refraction between plasmons in graphene and phonon polaritons in α-MoO3 498 
using an in-plane heterostructure. S1 and S2 indicate the Poynting vectors of plasmon and phonon 499 
polaritons, respectively. (B) Dispersion of graphene plasmons and phonon polaritons in α-MoO3, 500 
corresponding to the left and right region in the panel (A), respectively. (C) Simulated spatial 501 
distribution of the electric field Re{Ez} launched by a dipole source at a frequency of 988 cm-1 502 
(corresponding to the intersection of the green dot in panel (B)), showing negative refraction. 503 
The Fermi energy of graphene is set to 0.5 eV and the thickness of α-MoO3 is 260 nm. 504 
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 524 

Fig. S15. Gate-tunable hybrid polaritons. (A) Topography images of the α-MoO3 edge 525 
corresponding to the samples in Fig. 3. The scale bar indicates 1.5 μm. (B) Real-space infrared 526 
nano-images of gate-tunable hybrid polaritons along the 𝑥 direction (crystal axis [100] of α-MoO3). 527 
(C) Near-field profiles extracted from panel (B). The α-MoO3 thickness is 60 nm and the 528 
illumination frequency is 893 cm-1.  529 
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 531 
 532 
Fig. S16. Gate-tunable negative refraction with different graphene Fermi energies. (A) 533 
Experimental near-field images showing gate tunning of negative refraction from α-MoO3 to 534 
graphene/α-MoO3 with voltages arranged from +150 to -150 V. The scale bar indicates 1.5 μm. 535 
(B) Numerically simulated negative refraction with various Fermi energies of graphene from EF=0 536 
to 0.66 eV, corresponding to the experimental gate voltages. The experimentally recorded 537 
polaritons are represented by interference fringes excited by the tip and reflected by the hole edge. 538 
The polaritons are excited by the incident light directly on the hole edge in the simulation. 539 
Therefore, there is a two-fold spatial relationship between these two results. The scale bar indicates 540 
0.5 μm (A) and 2.5 μm (B), respectively. The α-MoO3 thickness is 60 nm and the illumination 541 
frequency is 893 cm-1 in all panels.  542 
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 545 
 546 
Fig. S17. Extraction analysis of FWHM and intensity enhancement of the focal spots for 547 
various gate voltages. FWHM and intensity enhancement are extracted along the y and x 548 
directions (vertical (the third fringe) and horizontal red arrows in fig. S16, respectively). The 549 
FWHM can be obtained by fitting the near-field signal profiles in panel (A). The intensity 550 
enhancement can be determined by comparing the intensity ratio of the focusing fringe to the same 551 
order fringe without a negative refraction effect (i.e. [(𝑆𝐺3/𝑆3)/(𝑆𝐺3

0 /𝑆3
0 )]2), where 𝑆𝐺3

0 /𝑆3
0

 552 
represents the effects from the surface conductance of graphene and it is subtracted to obtain the 553 
field enhancement caused only by the focusing of negative refraction. 554 
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 555 
 556 

Fig. S18. Gate-tunable negative refraction of another sample. (A) Optical image of a gate-557 
tunable device consisting of (from top to bottom) an α-MoO3 film, monolayer graphene, and SiO2 558 
substrate. The black horizontal arrow indicates the position of the fabricated circular holes with a 559 
diameter of 400 nm. The scale bar stands for 10 μm. (B) Experimentally measured near-field 560 
images of gate-tunable negative refraction from hyperbolic α-MoO3 to elliptic graphene/α-MoO3 561 
with bias voltages varying from +150 V to -150 V. The focal point yields FWHM as small as 185 562 
nm at Vg=-150 V (i.e., ~1/60 or 1.6% of the free-space light wavelength). The vertical black dashed 563 
line represents the graphene edge. The α-MoO3 thickness is d = 50 nm. The illumination frequency 564 
is fixed at 893 cm−1. The scale bar indicates 2 μm. (C) Intensity enhancement and FWHM of the 565 
focal spots for various gate voltages, taken from the experimental measurements in panel (B). 566 
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 568 

Fig. S19. IFC analysis of the transition from normal to negative refraction by gate-tuning. 569 
Normal refraction occurs for EF = 0 eV, 0.16 eV, 0.26 eV, 0.34 eV, and 0.42 eV; “zero” refraction 570 
takes place at a Fermi energy about EF = 0.50 eV; negative refraction is observed for Fermi 571 
energies EF = 0.58 eV and 0.66 eV. These Fermi energies correspond in turn to experimental gate 572 
voltages Vg = +150 V, +100 V, +50 V, 0 V, -50 V, -75 V, -100 V, and -150 V, respectively. The 573 
α-MoO3 thickness is 60 nm and the illumination frequency is 893 cm-1. For the angle of refraction, 574 
we specify “+” on the upside of the interface normal and “-” on the downside. 575 
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 578 
 579 

Fig. S20. Refraction angle φ2 as a function of gate-tuning graphene Fermi energy. The green 580 
and blue shaded areas indicate the transition from normal to negative refraction. The red dots are 581 
extracted from fig. S19 and the black curve is a guide to the eyes.  582 
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 586 
 587 

Fig. S21. Effect of monolayer α-RuCl3 on the propagation of hybrid polaritons. (A) 588 
Numerically simulated field distribution of hybrid plasmon-phonon polaritons in graphene/α-589 
MoO3 with and without monolayer α-RuCl3. (B) Near-field profiles taken at the positions marked 590 
by blue and red horizontal arrows in panel (A). The value of |Ez| is normalized to the maximum 591 
electric-field intensity. The Fermi energy of graphene is set to EF = 0.5 eV. The α-MoO3 thickness 592 
is 242 nm. The illumination frequency is 893 cm-1. 593 
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